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ADSORPTION PROCESS FOR CONTINUOUS 
PURIFICATION OF HIGH VALUE GAS FEEDS 

FIELD OF THE INVENTION 

[0001] The present invention relates to processes and equipment for gas purification, 
5 and more particularly to a gas purification method and apparatus using continuous rotary 
contactors also known as adsorbent wheels. More particularly, this invention relates to 
the use of continuous rotary contactors to remove impurities from a gas feed stream after 
compression of the gas feed stream. In the preferred embodiments of the invention, the 
invention provides for removal of impurities with minimal drop in pressure of the gas 
10 stream feed resulting from use of the continuous rotary contactors. 

[0002] Process streams often need to have condensable impurities, such as water, 
removed. The streams themselves are valuable either due to chemical value, or due to the 
value of the energy expended in doing work to them, such as compression. The impurity 
can often be removed by adsorption. Due to cost and convenience, the system needs to be 
15 designed so that the adsorbent is regenerated and reused. Often a less valuable stream is 
used for regeneration. For example, in natural gas regeneration, nitrogen is used as the 
regeneration stream. However, there is still a significant cost involved in providing this 
regeneration stream. 
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[0003] One important use of compressed, treated gas is in dry air is for use by 
equipment or machinery. The current practice is to first compress the air and then use 
adsorbent beds to remove water and other contaminant vapors and gases. In this practice, 
a dryer containing the appropriate adsorbent is placed downstream from an air 
compressor and a portion of the compressed air is used as a regeneration medium for the 
dryer. In thermal swing adsorption (TSA) drying, a portion of the product gas is heated 
and is then used as a regeneration medium. Similarly, in pressure swing adsorption (PSA) 
units, a portion of the product gas together with the adsorbent bed is opened to a lower 
pressure and the expanded gas carries away the contaminants. In both types of systems, 
the energy used in compressing a portion of the gas has been lost when that portion of gas 
is used for regeneration instead of remaining with the bulk of the compressed air for use 
in equipment or machinery. There would be considerable energy savings in a system that 
retained the high pressure gas. 

[0004] Rotary adsorbent contactors have been developed for several applications 
including heating and air conditioning as well as VOC concentration, prior to their 
destruction. These rotary contactors, also referred to as adsorbent wheels, have been used 
in dehumidification or desiccant wheels, enthalpy control wheels and open cycle 
desiccant cooling systems. However, prior to the present invention, it had not been 
recognized that an adsorbent wheel system had the capability to be used in a variety of 
other applications. In particular, there has been no recognition that rotary contactors 
could be employed in high pressure systems to purify gas streams to high levels of purity. 
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[0005] Most applications of desiccant wheel technology, particularly in the heating 
and air conditioning field have focused on bulk drying of air where the humidity of the 
incoming air is reduced from near saturation by a factor of about 2. A relative humidity 
of about 80% at ambient temperature would be reduced in such a way that the water 
content is cut by a factor of 2 to 3. The result in such bulk drying applications is that there 
is an inevitable gain in sensible heat associated with passing air through an essentially 
adiabatic drying operation and the temperature rise further lowers the relative humidity of 
the product stream. However, desiccant wheels have not previously to the present 
invention been used in applications requiring very dry, pure air, such as air 
prepurification and instrument air drying. The present invention can provide a decrease in 
water and other impurities that is several orders of magnitude greater than the prior art 
uses of such desiccant wheels. The level of water can be decreased from levels in the 
thousands of parts per million to the single digit levels, depending upon the particular 
configuration and the particular need for purity. The present invention has application not 
only in air drying, but in other applications where there is a compressed gas to be dried or 
otherwise purified. These gases include natural gas and other hydrocarbon applications. 
[0006] In the present invention, a gas is dried and otherwise treated at high pressure 
with rotary adsorbent contactors after it exits a compressor. This process conserves the 
energy used in the compression step to a much greater degree than when adsorbent beds 
are employed. This produces air at dew points which meet or exceed the capabilities of 
current compressed air drying equipment and at lower cost. 
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[0007] Environmental benefits are also realized in elimination of refrigerated type 
compressed air dryers that use chlorofluorocarbon refrigerants which are damaging to the 
earth's ozone layer. 

SUMMARY OF THE INVENTION 

5 [0008] The present invention comprises at least one rotary adsorbent contactor to 
purify a high pressure gas stream (above 15 psia). The number of rotary adsorbent 
contactors is dependent upon the particular application which determines the purity of gas 
that is necessary. At least one rotary adsorbent contactor is used with additional rotary 
adsorbent contactors added in certain applications, such as in the removal of additional 

10 impurities or when very low impurity levels are desired. 

[0009] In one embodiment, the present invention comprises a process of producing 
purified compressed gases comprising the steps of first sending a gas feed to a gas 
compressor to produce a heated, compressed gas. Then a heated compressed gas is sent 
through a regeneration sector of a rotary adsorber to remove impurities from the 

15 regeneration sector of the rotary adsorber to produce a stream of compressed gas 

containing these impurities. Next, the contaminated stream of compressed gas is cooled 
in a condenser where a portion of contaminants is condensed from the contaminated 
stream of compressed gas. This portion of contaminants is removed from the process at 
this point and the resulting stream is a cooled stream of compressed gas. This cooled 

20 stream of compressed gas is passed to an adsorption sector of said rotary adsorber 
wherein a further quantity of contaminants is removed from said compressed gas to 
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produce a purified compressed gas product. Then the purified compressed gas product is 
brought to a desired temperature, and then a minor portion of cooled compressed purified 
gas is removed from the purified compressed gas product to be sent to a cooling sector of 
said rotary adsorber to cool said cooling sector. 

[0010] In another embodiment of the present invention, the heated compressed gas 
can be further heated by some external means such as heat exchange with some hotter gas 
or fluid, prior to being sent through the regeneration sector of the rotary adsorber. 
[0011] In another embodiment of the present invention, the gas feed is compressed 
by some natural means, such as in a natural gas well. This gas, if not naturally 
sufficiently hot for regeneration, is heated prior to being sent through the regeneration 
sector of the rotary adsorber. 

[0012] In another embodiment of the present invention is provided a process of 
producing dry compressed air comprising the steps of first sending a stream of air to at 
least one air compressor to produce a stream of heated, compressed air. Then a stream of 
heated compressed air is sent through a regeneration sector of a rotary adsorber to remove 
water from the regeneration sector thereby producing a cooled wet stream of compressed 
air. Then the cooled wet stream of compressed gas is sent through a heat exchanger to 
produce a cooler stream of compressed gas and to condense and remove a portion of 
water from the cooled wet stream. After the portion of water is removed, the cooler 
stream of compressed air is passed to an adsorption sector of said rotary adsorber wherein 
a further quantity of water is removed from the cooler stream of compressed air to 
produce a dried compressed air product stream and wherein the adsorption sector adsorbs 
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water from the cooler stream of compressed air. The purified compressed gas product is 
sent through a second heat exchanger to cool the purified compressed gas product to a 
desired temperature and a minor portion of cooled purified compressed gas is removed 
from the cooled purified compressed gas product to be sent to a cooling sector of the 
rotary adsorber to cool the cooling sector. 

[0013] In another embodiment of the invention, a two-stage purifier is used for 
producing a low impurity gas stream. At least two rotary contactors are used, each rotary 
contactor having a multiplicity of passages, through which compressed gas can flow, for 
adsorbing impurities therefrom. The rotary contactors are capable of adsorption of 
impurities from said compressed gases and of regeneration on a continuous basis as the 
wheel rotates. Each rotary contactor (also referred to as an adsorbent wheel) comprises at 
least one adsorbent, regeneration and cooling sector. There are connecting means to 
provide a compressed flow of moisture containing gas to the regeneration sector of a first 
of the two rotary contactors and connecting means to send the compressed flow of a 
moisture containing gas from the regeneration sector to a condensing means wherein 
condensed impurities are removed to produce a dried flow of gas. There are connecting 
means to send said purified flow of gas through an adsorption zone of said first rotary 
contactor; connecting means to send said purified flow of gas from said adsorption zone 
of said first rotary contactor through an adsorption zone of said second rotary contactor to 
produce a very pure gas product stream; and connecting means to send a majority portion 
of said very pure gas stream to be used as product. Means to send two minority portions 
of said very pure gas stream, a first of said minority portions to be first heated to a 
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desired temperature and then to be sent to a regeneration zone of said second rotary 
contactor and a second of said minority portions to be cooled to a desired temperature 
and then to be sent to a cooling zone of said rotary contactor. These two streams can be 
further compressed, if needed to compensate for any pressure drop, and reintroduced 
back into the main stream of the compressed gas at points which will allow the impurity 
to be removed in the condensation step, i.e. prior to initial feed compression, prior to 
introduction to the regeneration sector of the first rotary adsorber, prior to sending to the 
condensation means, or prior to sending to the adsorption zone of said first rotary 
contactor. 

[0014] In another embodiment of the present invention, the adsorbent wheels can 
contain multiple adsorbent, regeneration and cooling zones as represented by the 
following set of factors. This invention is a process of producing purified compressed 
gases comprising rotating a sector of a rotary adsorber through N adsorption zones 
designated from 1 to N, wherein N is an integer from 2 to 10, then rotating said sector of 
said rotary adsorber through M regeneration zones designated from 1 to M, wherein M is 
an integer from 2 to 10, and then rotating said sector of said rotary adsorber through P 
cooling zones, wherein P is an integer from 0 to 5 and wherein when P is greater than 0, 
said adsorber zone rotates from cooling zone 1 to P and then back to adsorber zone 1 to 
establish a continuous adsorption, regeneration, and cooling cycle. Then a compressed 
gas feed stream is sent through regeneration zone M to remove at least one impurity from 
said regeneration zone, and producing an effluent enhanced in the impurity. Next are M- 
1 steps sending the effluent from regeneration zone H, where H is an integer and 
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decrements from M to 2 with each step, into regeneration zone H-l to remove at least one 
impurity from said regeneration zone, and producing an effluent enhanced in the 
impurity. Then cooling the effluent stream from regeneration zone 1, condensing a 
portion of the impurities, and removing the impurities thereby producing a cooled stream 

5 of compressed gas. In the next step, the cooled stream of compressed gas is sent through 
adsorption zone N of the rotary adsorbent to adsorb at least one impurity on the adsorber 
and produce an effluent stream depleted in at least one impurity. There follow N-l 
step(s) sending the effluent stream from adsorption zone K, where K is an integer and 
decrements from N to 2 with each step, into adsorption zone K-l to adsorb at least one 

10 impurity on the adsorber and produce an effluent stream depleted in at least one impurity, 
the effluent from step N-l being a purified product stream. If P is greater than 0, at least 
a portion of the purified product stream is cooled and sent through cooling zone P, to cool 
the adsorber and produce an effluent stream with greater enthalpy of if P is zero, and 
wherein if P is 0, skipping this cooling step and if P is greater than 1, P-l steps sending 

15 the effluent from cooling zone L, where L is an integer to cool the adsorber and 
producing an effluent stream with greater enthalpy and if P is 1, skipping this step. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 shows a simplified depiction of the process of the present invention. 
[0016] FIG. 2 shows a high pressure desiccant wheel air dryer system. 
20 [0017] FIG. 3 shows an adsorbent wheel with its three principal sectors. 
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[0018] FIG. 4 shows a high pressure adsorbent wheel system with a co-current 
cooling step. 

[0019] FIG. 5 shows a high pressure adsorbent wheel system with a boost blower to 
minimize power consumption. 

[0020] FIG. 6 shows a two adsorbent wheel system for producing very dry gas 
streams. 

DETAILED DESCRIPTION OF THE INVENTION 

[0021] Rotary adsorbers (adsorbent wheels) are very efficient ways to reduce the 
amount of adsorbent needed to remove a given amount of impurity from a stream in a 
temperature swing adsorption (TS A) process. The reason for this is that a wheel does not 
require a significant equilibrium zone as does a fixed bed adsorber. A substantial 
equilibrium zone is beneficial in fixed bed adsorbers because the valves, adsorbent vessel 
walls, heads, and adsorbents, all need to be heated and cooled during the full adsorption/ 
regeneration cycle. Without a significant equilibrium zone, a much greater portion of the 
energy expenditure is going to heat the ancillary components compared to the adsorbent. 
In the case of a rotating wheel, only the bed and a small thermal mass associated with 
wheel support structure is heated. The wheel housing surrounding the regeneration sector 
stays at a relatively constant high temperature and does not undergo any temperature 
cycling. 

[0022] Also in the wheel system, the mass transfer is significantly higher than for 
fixed bed adsorbers. This is because the wheel generally uses thin layers of adsorbent 
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material that give a substantially shorter path length from the gas phase feed to the 
average adsorption site. Fixed bed adsorbers must employ relatively large formed 
adsorbent particles so as to reduce pressure drop. The pressure drop experienced by gas 
in a monolithic wheel structure is extremely low for wheels due to the high void fraction 
of the monolith and the resulting large equivalent hydraulic diameter for flow. 
[0023] An example of the wheel system is in the removal of water from a stream of 
air. As can be seen in FIGS. 1 and 2, hot compressed feed goes directly into the 
regeneration zone of the wheel. Under most circumstances this stream will leave the 
regeneration zone in a state close to saturation. The degree of saturation will depend 
upon the humidity of the stream, the regeneration energy supply, and the relative size of 
the regeneration zone. This near saturated stream is then cooled, and the water is removed 
from the system by condensation. This cooled water-containing stream passes to the 
adsorption zone of the wheel in a direction that is counter-current to the direction of the 
regeneration flow. This dried product stream is split, with some of it going back into the 
cooling zone of the wheel, counter-current to the direction of adsorption. The cooling 
effluent steam, also close to saturation with water, is combined with the regeneration 
effluent stream prior to cooling and condensation. 

[0024] In this process, the wheel rotates so that a given sector of the wheel functions 
first as the adsorption zone and then is rotated to be exposed to a regeneration flow and 
then to a cooling flow of gas, and then back to the adsorption zone again to start the cycle 
again. In general, the adsorption zone will comprise about one-half of the surface of the 
wheel, with the regeneration and cooling zones comprises about one-quarter of the wheel 
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surface each. These fractions may vary depending upon the application of the wheel and 
the particular load placed on the wheel. 

[0025] This process is a significant improvement over the processes currently in use 
in heat of compression dryers. Those dryers use fixed beds of adsorbent. A hot 
compressed feed is fed to regenerate the fixed bed. The resulting stream that is now 
saturated with water vapor is then cooled to condense and remove much of the water. 
This cooled stream is then sent counter-currently to a hot regenerated bed for adsorption. 
The addition of a cooling step, in the present invention using an adsorbent wheel allows 
for less of the enthalpy of the system to leave in the product stream. Therefore the cooled 
stream will now be drier since it will be at equilibrium with the adsorbent bed at a lower 
temperature. In the prior art, fixed bed non-wheel case such a process configuration 
would require a third adsorbent bed, or a substantial increase in valving and cycle 
complexity to achieve a cooled bed. Such changes are costly. In the adsorbent wheel, this 
only requires dividing the wheel into the three zones - regeneration, cooling and 
adsorption. 

For this process to effectively operate to remove impurities from a high pressure flow of 
gas, the stream going to the adsorption zone needs to be compressed prior to contacting 
the adsorbent wheel, so that the pressure of the inlet to the cooling zone is greater than 
the pressure of the inlet to the regeneration zone. 

[0026] In some applications a condenser will be placed prior to compression of the 
gas. Whether this compression is done prior to or after the condenser on the regeneration 
or cooling effluent may be a matter for the specifics of the process streams. Compression 
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prior to condensation requires compression to higher pressure, and requires compression 
of the water in the regeneration/cooling effluent, but allows for a cooler gas going into 
the adsorption zone. This will allow for a lower dew point product. Compression after 
condensation compresses less gas, and requires lower pressure, but brings a higher 
temperature feed to the adsorption zone. Additional cooling after compression could be 
more economical in certain high purity applications. A small portion of the product 
should be compressed to pressurize the rim and hub of the wheel to a pressure above the 
pressure of the feed to the adsorption sector to prevent feed from entering the rim or hub, 
and winding up in the product. 

[0027] There are several different types of rotary contactors that may be used in the 
present invention. One type of rotary contactor or wheel has a central hub and a casing. 
Between hub and casing is provided a media capable of regeneration or paperboard 
material having desiccant dispersed therein for removing moisture from the process air 
stream. 

[0028] Often rotary adsorbers are used in non demanding applications like HVAC 
enthalpy recapture where leakage from one stream to another is not critical to the 
performance. In these high pressure applications the possibility of leakage is greater 
because of the high pressure and the effect of the leakage can be great when the product 
needs to be of high purity compared to the feed. 

[0029] Therefore, the seals around the rotary adsorber can be important for the 
functioning of the process, such as those known in the prior art. In US 6,406,523, 
incorporated herein in its entirety, a rotary adsorber is disclosed which can be used to 
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make adsorptive separations using pressure swing regeneration. Other rotary adsorbers 
can be used if the sealing of the rotating surfaces is adequate. There are many other types 
of seals known in the art, often providing multiple sealing surfaces to minimize the 
leakage at the moving faces. 

[0030] In another embodiment of the invention, the media is fabricated by providing 
alternating layers of flat and corrugated paperboard that are positioned to provide a 
multiplicity of open-ended passages parallel to the axis of rotation to permit air to flow 
there through. Typically, the media is formed by winding a web of corrugated paperboard 
(having a flat sheet of paperboard bonded to one side) about the hub until a multi-layered 
media is built up that extends to the outer casing. The corrugated paperboard having one 
side flat is made by bonding or positioning a flat strip of paperboard over a corrugated 
strip of paperboard. The width of the strip determines the width of the wheel, and the 
edges of the paperboard forms the faces of the wheel. It should be understood other 
fabrication techniques that form passages may be used. 

[0031] The media or paperboard for the wheel can be comprised of a fibrous material 
and any material that operates to remove moisture from an air stream such as process air 
on a continuous basis. The wheel is formed from a paperboard comprising thermally 
stable fibrillated synthetic organic or inorganic fibers and an adsorbent material selected 
for the particular application. In applications for the removal of water from a gas the 
adsorbent is either an X-type zeolite in conjunction with silica gel and/or pseudoboehmite 
alumina or a chemically modified Y-type zeolite. In the present invention, the adsorbent 
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is anticipated to be a zeolite or mixture of such zeolites. In some applications, the 
adsorbent can comprise blends of alumina, silica gel and zeolite. 
[0032] Fibrillated organic fibers, because of their strength and ability to interlock, 
provide suitable reinforcement at levels as low as 15% by weight of the total desiccant 
paperboard. A number of different organic and inorganic fiber materials may be used for 
the desiccant paper for the desiccant wheel, depending upon the temperatures at which 
the desiccant wheel is regenerated. For example, inorganic fibers such as fine-diameter 
fiberglass, mineral wool, or other ceramic materials, may be employed. Although such 
fibers are stable over a wide range of temperatures, they can suffer from cracking during 
the paper corrugation stage. Natural organic fibers such as cotton may also be used, 
although they are limited in regeneration temperature. Synthetic organic fibers useful in 
the invention are those comprising high-density polyethylenes, high-density 
polypropylenes, aromatic polyamides (i.e., aramids), polystyrenes, aliphatic polyamides, 
poly( vinyl chlorides), acrylics, acrylonitrile homopolymers, copolymers with halogenated 
monomers, styrene copolymers, and mixtures of polymers (e.g., polypropylene with low- 
density polyethylene, and high-density polyethylene with polystyrene). 
[0033] However, due to its strength, light weight and temperature resistance, the 
preferred organic fiber for the desiccant wheel of the present invention is selected from 
aramids. The aramids are manufactured fiber in which the fiber-forming substance is a 
long-chain synthetic polyamide in which at least 85% of the amide (-CO-NH-) 
linkages are directly attached to the two aromatic rings. Such aramid fibers are available 
from DuPont under the trademark KEVLAR®. KEVLAR is commercially available as a 
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refined pulp designed for paper forming, such as KEVLAR 303 pulp. During refining, the 
KEVLAR fiber shafts are split at the ends into fibrils by means of application of high 
shear, thereby creating a tree-like structure. In the manufacture of paperboard, it has been 
discovered that the fibrils interlock to enhance the paperboard strength. KEVLAR is 
stable in oxidizing atmospheres up to 450°C. Other high-temperature resistant aramids 
such as NOMEX®, available from DuPont, is suitable for formation of paperboard in the 
present invention. However, it is preferred that such fibers are refined or fibrillated in a 
similar manner. 

[0034] In one process for manufacturing, the adsorbent wheels as used in the present 
invention, KEVLAR 303 pulp having fiber shafts that are approximately 12 m|i in 
diameter and up to 4 mm in length is first dispersed to form an aqueous slurry. The slurry 
is then fed to a disc or other high-shear refiner, which is effective in further splitting the 
fibrillated fiber shafts into additional fibrils. After the refining step, the KEVLAR 303 
fiber shafts range from 1 mm to 4 mm in length with fibrils extending therefrom that are 
as small as 1 mji to 3 m^ in diameter. 

[0035] The adsorbent wheel can be manufactured using the above materials to 
provide a wheel or body which will readily adsorb moisture contained in ambient air and 
desorb the resulting moisture from the wheel during a regeneration cycle of short 
duration. In accordance with the present invention, a continuous rotary contactor (also 
known as an adsorbent wheel or desiccant wheel in some applications) is employed to dry 
and otherwise purify a compressed gas stream. A continuous system is thereby provided 
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for the purification of a gas stream that has been compressed and is then employed for its 
intended application. 

[0036] The adsorbent wheel may instead be made from a thin substrate (e.g., a 1.3 to 
2-mil thick aluminum foil) coated on both sides with a particulate desiccant in a binder 
matrix (typical coating thickness of about 1 mil on each side). Adsorbent wheels can also 
be made from other metal foils, polymer films or paper substrates, coated or impregnated 
with solid adsorbents or deliquescent absorbents. Additionally, the speed at which the 
wheel is rotated and the mass of the wheel is preferably high relative to the mass of the 
gas flow being processed to increase the rate at which heat and mass can be transferred 
from one air stream to the other air stream. 

[0037] In another embodiment, the adsorbent wheel is a rotary, desiccant coated, 
aluminum dehumidification wheel. The preferred desiccant-based drying wheel in 
applications where drying is important, utilizes a desiccant coating optimized to provide 
the maximum amount of dehumidification when operated under the operating conditions. 
[0038] Because the dehumidification wheel is preferably used primarily for 
dehumidification and not for total energy recovery, it typically has relatively less 
substrate mass (30% to 50%) and relatively more desiccant mass (50% to 70%). A 
desiccant used for such a wheel desirably has as high a water adsorption capacity as 
possible and therefore as much useable desiccant mass on the wheel as is consistent with 
technical and economic constraints Furthermore, although non-desiccant mass is required 
to carry and support the desiccant material, the wheel preferably has as little non- 
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desiccant mass as possible because such mass reduces the wheel's dehumidification 
efficiency. 

[0039] Desiccant materials used for embodiments employing desiccant-based 
dehumidification wheels may include, for example, A-type, X-type or Y-type molecular 
sieves and other zeolites, activated alumina, lithium chloride and other deliquescent salts, 
hydrophobic polymers or other materials capable of adsorbing or absorbing water vapor 
from an air stream. 

[0040] Another type of adsorbent wheel that can be used in the present invention 
includes those described in US 5,683,532, incorporated herein in its entirety. In that 
patent is disclosed a method of manufacturing an active silica gel honeycomb adsorbing 
body which has a high efficiency of dehumidification or adsorption of other active gases 
and a relatively small passing resistance of gas in small channels. The conditions change 
depending upon the size of the small channels of the rotor, the size and the surface area of 
silica gel micropores and so on. An active silica gel honeycomb adsorbing body which 
has a high adsorbing rate for humidity, relatively little resistance to pass gases in the 
small channels and which can be used in an atmosphere having 100% relative humidity 
can be obtained by limiting a wave length of a single-faced corrugated sheet to 
approximately 2.5 to 6.5 mm, a wave height to approximately 1.3 to 4.0 mm, the quantity 
of active silica gel to approximately 0.5 to 3.0 times the weight of the inorganic fiber 
paper, a main distributing range of a micropore diameter of the produced silica gel to not 
more than approximately 200 angstroms and a specific surface area of the micropore to 
300 to 600 m 2 /g. The adsorbing body of the present invention can also adsorb and 
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remove odorous materials other than moisture from an inert gas having a relative 
humidity of not more than 70%. The adsorbing body of the present invention is an 
adsorbing body obtained by synthesizing silica gel on a matrix of a honeycomb shape 
made of an inorganic fiber. The adsorbing body adsorbs moisture preferentially in the 
5 micropores of the silica gel and the adsorbing body adsorbs other odorous gases in the 
low relative humidity atmosphere. After the micropores of the adsorbing body are 
saturated with humidity and other active gases, the device cannot adsorb more adsorbate. 
Therefore, the adsorbing body can be operated in an atmosphere having 100% relative 
humidity. 

10 [0041] The rotational speed of the adsorbent wheel may be adjusted according to the 
amount of purity and reheat efficiency sought. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0042] FIG. 1 displays a simplified representation of the basic process of the present 
invention. A stream of hot compressed gas in line 1 is shown contacting an adsorbent 

15 wheel 2 in a regeneration sector 3 of the adsorbent wheel 2. The arrow shows the 

direction of rotation of the adsorbent wheel 2. Depending upon the design of the system, 
an adsorbent wheel will rotate either clockwise or counterclockwise. A gas stream in line 
7 that is now near saturation after passing through the adsorbent wheel 2 is as shown. The 
gas stream in line 7 is shown proceeding to a condenser 8 in which the gas stream in line 

20 7 is cooled sufficiently to condense much of the moisture, that is seen leaving the system 
as condensed water in a line 10. A flow of cooled saturated gas stream in line 9 now 
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proceeds from the condenser 8 to an adsorption sector 5 of the adsorbent wheel 2, where 
most of the remaining water, or other impurities, are removed from the gas stream in line 
9. A major portion of a resulting dried gas flow in line 12 continues and constitutes the 
product gas. This product gas is at very low moisture levels and is at a temperature that is 
higher than the incoming gas due to the effect of the adsorption process. A minor 
portion of a resulting dried gas flow is shown at line 11 and is routed back to the 
adsorbent wheel 2 at a cooling sector 4. This minor portion normally will comprise about 
2 to 6% of the resulting dried gas flow. The adsorbent wheel 2 is thereby cooled to a 
desired level prior to contacting the higher temperature gas flows in the adsorption and 
regeneration parts of the cycle. After cooling the cooling sector of the adsorbent wheel, 
this gas flow is returned as flow in line 6 to the gas flow prior to condensation, shown as 
the gas stream in line 7. It would be possible for this flow that conducts the cooling 
operation to be exhausted from the system, but it is greatly preferable to conserve the gas 
stream since it has been found that the present invention provides a minimal decrease in 
pressure as the gas flows through the adsorbent wheel system. 

[0043] FIG. 2 shows a schematic of a high pressure air dryer in accordance with the 
present invention. A flow of compressed air in line 20 is shown going to a compressor 21 
to be further compressed and heated as a result of the compression. Hot regeneration gas 
is shown as a gas stream in line 22 entering into a pressure vessel 23 through a tube (not 
shown) in a flange 41. The gas stream in line 22 is further heated by passing through a 
heat exchanger 24. The gas stream is directed through a distributing means, such as a 
distribution plate 45 and then passes through the regeneration sector of a desiccant wheel 
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26. A gas stream in line 27 proceeds to a condenser 28 to be cooled and water removed. 
In the condenser 28 shown, a flow of cooling water in line 29 enters the condenser 28 and 
exits at line 30. Condensate is shown exiting at line 31. A gas stream feed in line 32 is 
shown passing flanges 33 to a distribution plate 34 and then to the adsorption sector of 
the desiccant wheel 26 to further dry the gas stream. The dry air exiting the adsorption 
sector of the desiccant wheel 26 may be cooled further by a heat exchanger 39 and then 
this cooled, dry air is divided into a major portion that is the dry air net product in line 36 
(shown exiting the pressure vessel 23) and a minor portion that is a cooling portion in line 
37. The cooling portion in line 37 passes through a distribution plate 38 and then through 
a cooling sector of the desiccant wheel 26. The cooling portion, after passing through the 
cooling sector, is a gas stream in line 43 shown being recycled to the incoming stream in 
line 20 through a valve 40 to the compressor 21. In a typical application, the compressor 
21 is the third stage compressor. The first and second stage compressors are not shown in 
the drawing. 

[0044] FIG. 3 is a face view of an adsorbent wheel 50 having a hub 51. The three 
sectors are displayed, with an adsorption sector 52, a regeneration sector 54 and a cooling 
sector 56. The gas flow is into the plane of the drawing in the adsorption sector 52 and 
out of the plane of the drawing in the cooling sector 56 and the regeneration sector 54. 
The wheel is shown as rotating in a clockwise direction as shown by arrow 58. Bulb seals 
60 are shown dividing the sections of the adsorbent wheel 50 and welded strips for the 
seals 62. In a typical adsorbent wheel, the adsorption sector will comprise the largest 
section and the regeneration sector will be somewhat larger than the cooling sector. 
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Dashed lines 57 show that the adsorption sector 52, the regeneration sector 54 and the 
cooling sector 56 may each be divided into two or more sectors in order to remove 
additional impurities from the gas flow. 

[0045] FIG. 4 shows an alternate embodiment of the invention with a co-current 
cooling step. A gas feed is compressed by a compressor 70 and continues as a gas stream 
in line 71. A compressor may not be necessary in applications where the gas feed is 
naturally compressed such as natural gas from some natural gas wells. The compressed 
gas feed in line 71 passes a heat exchanger 90 to heat the compressed gas feed in line 71 
to a desired regeneration temperature and then to a regeneration sector 73 of an adsorbent 
wheel 72. The compressed gas removes impurities from the regeneration sector 73 and a 
now impurity-containing or contaminant-containing gas in line 74 continues to a heat 
exchanger 75 to cool the gas and then to a condenser 76 where the condensable 
impurities in the gas condense and are removed. The resulting cooled gas continues to an 
adsorption sector 77 of the adsorbent wheel 72 where most of the remaining impurities 
are adsorbed onto the adsorbent media of the adsorbent wheel producing a purified 
product gas in line 78. As shown in FIG. 4, a portion of the purified product gas in line 78 
is diverted through a line 79 to a cooling sector 80 of the adsorbent wheel 72. The portion 
of the purified product gas in line 79 enters the cooling sector 80 of the adsorbent wheel 
72 in a direction co-current to the direction of the gas flow to the adsorption sector 77. 
After cooling the adsorbent wheel 72, this portion of gas flow continues as a gas stream 
in line 81 through a boost blower 82 where the gas pressure is increased to match the 
pressure on the incoming gas stream in line 71. The temperature of the gas stream in line 
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81 is increased by a heat exchanger 83 and the gas stream in line 81 is combined with the 
regeneration gas stream in line 71. 

[0046] FIG. 5 shows an embodiment of the present invention with counter-current 
cooling in which a boost blower is located at least at one location in the system to 
minimize the power consumption that would be involved in recompression of the gas 
streams. Shown in FIG. 5 are three compressors 100, from which comes a stream of 
compressed gas in line 101 to a regeneration sector 104 of an adsorbent wheel 102 shown 
rotating in a direction indicated by lines 125 and 126. The stream of compressed gas in 
line 101 which is optionally heated by a heat exchanger or other heating means, not 
shown, continues as a stream in line 105 to a heat exchanger 106 in which it is cooled and 
then to a condenser 108 in which condensable impurities are condensed from the gas 
stream and removed at line 109. The gas stream in line 112 now continues to the 
adsorption sector 1 10 of the adsorbent wheel 102 where the bulk of the remaining 
impurities are removed from the gas stream which after passing through the adsorption 
sector 1 10, becomes a purified product gas in line 1 13 which is used as needed. A portion 
of the purified gas product in line 1 D^s diverted through a line 1 14 and cooled at heat 
exchanger 1 16 by cooling means, such as cooling water. The pressure of the cooled 
purified gas product may be boosted by a boost blower 1 18 in order to maintain the 
pressure of the gas stream and to avoid the need of a gas stream to be combined to the gas 
stream prior to compression. The boost blower 118 may also be located as shown at boost 
blower 124 to increase the pressure of the stream in line 119. In some applications, it may 
be desirable to have a boost blower at 118 or 124 and it is possible in some applications 
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that the boost blower would be at both locations. In either case, the pressure in line 1 19 
needs to be increased to a level that is greater than the pressure in line 105. The cooled 
gas stream now continues to a cooling sector 120 of adsorbent wheel 102 to cool the 
surface of the adsorbent wheel 102. The gas stream can now be boosted in pressure by 
5 the boost blower 124 as previously stated and then is combined with the gas stream 
shown here being combined with the flow of gas in line 105 that has gone through the 
regeneration sector 104. 

[0047] FIG. 6 shows a two-stage dryer having two adsorbent wheels. The adsorbent 
wheels are shown contained within a pressure vessel 190. This type of dryer is effective 

10 for producing extra dry gases, such as drying natural gas to LPG specifications or drying 
air to levels below 1 ppm water. In FIG. 6, a stream of air in line 140 is shown passing 
through a compressor 142. The resulting compressed stream which has been heated by 
the heat of compression goes to a regeneration sector 144 of an adsorbent wheel 146. 
Additional heat may be applied as shown at heat exchanger 143 to the stream prior to its 

15 contact of the regeneration sector 144 in order to improve the effectiveness of the 

regeneration step. In FIG. 6 is shown an optional heat exchange between the incoming 
regeneration stream and the outgoing regeneration stream. Impurities are removed from 
the regeneration sector 144 as the stream passes through that sector of the adsorbent 
wheel 146. Gas flow in line 148 is then cooled as shown by a heat exchanger 150, or 

20 other cooling means and then the gas flow is cooled further to a temperature sufficient to 
allow condensable impurities in the stream to condense and be removed at a condenser 
152 in a waste stream at line 153. A cool, but saturated gas stream at line 154 then 
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proceeds to an adsorption sector 156 of the adsorbent wheel 146 where impurities are 
removed from the gas stream and adsorbed onto the adsorbent wheel. The wheel will 
eventually turn so that those impurities will be subsequently removed in the regeneration 
sector 144. After leaving the adsorption sector 156, a gas stream in line 155 is cooled, if 
necessary, and proceeds to an adsorption sector 158 in a second adsorbent wheel 160 
where the remainder of the remaining water is removed from the gas stream, along with 
other impurities according to the particular adsorbent used. The moisture level of a 
resulting product stream in line 162 is extremely low. A small portion of the product 
stream in line 162 is diverted through a line 164 and is divided into two parts at lines 167 
and 165, respectively, to treat the regeneration and cooling sectors of the second 
adsorbent wheel 160. A cooling gas portion in line 166 of the product stream is cooled at 
a heat exchanger 168 and then cools a cooling sector 170 of the second adsorbent wheel 
160. A regeneration gas portion in line 172 is heated at a heat exchanger 174 and then 
passes through a regeneration sector 176 of the adsorbent wheel 160 to remove impurities 
from the adsorbent wheel. The cooling gas portion in line 166 and the regeneration gas 
portion in line 172 are shown combining into a single gas flow in line 178 and passing 
through a boost blower 180 to increase the pressure of a resulting gas flow in line 182 
which is then cooled to a sufficient temperature to cool a cooling sector 184 of the 
adsorbent wheel 146. A cooling sector gas flow in line 186 then is sent to be combined 
with the regeneration gas flow to the regeneration sector 144. A boost blower (not 
shown) will be needed to accomplish this. 
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[0048] In one embodiment of the invention as shown in the FIGURES, fresh air is 
compressed to about 100 psig in three stages of compression with intercooling between 
stages of compression. A large amount of water is removed from the first and second 
stage intercoolers. This air is compressed to its final pressure of about 690 kPa (100 psig) 
in the third stage, where the air temperature reaches about 149°C (300°F). This air is fed 
to a pressure vessel housing the adsorbent wheel dryer system. The air is further heated to 
180°C (356°F) using auxiliary steam. This air is used to regenerate the wheel and passes 
through the regeneration sector of the wheel, typically about 1/3 of the wheel area. The 
air is sent to a very low pressure drop fin-tube type heat exchanger; ca. DP = 5 cm (2 
inches) of water column and cooled back down to 32°C (90°F). The water is removed as 
condensate in the process and the cool air is fed to the adsorption sector of the wheel and 
dried down to 27 ppm water. A small portion (less than 6%) of this dried air is used to 
cool the wheel and sent back to the third stage for recompression or otherwise returned to 
the air flow, such as into the cooled feed that is dried by the adsorption sector of the 
adsorbent wheel. The remaining major portion of the dried air is fed to the process as dry 
air net product. 

[0049] The following example demonstrates the efficiency of the high pressure deep 
desiccant wheels of the present invention. 

EXAMPLE 1 

[0050] A wheel having an outer diameter of 103.6 cm (3.4 feet), a hub diameter of 
1 1.43 cm (4.5 inches), and a face area of 0.8332 m 2 (8.969 ft 2 ) was used. The adsorbent 
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wheel had an active media volume of 0.4166 m 3 (14.713 ft 3 ) , a wheel void fraction of 
0.73, a rotation rate of 10 revolutions per hour with 360 seconds per cycle, a zeolite 
fraction of 0.7, a wheel void fraction of 0.73, a paper density of 0.83 grams per cubic 
centimeter and a media mass of 93.3 kg (205.7 pounds) of paper. The following process 
conditions were used. The level of water in the feed was reduced from 7270 ppm to 27 
ppm (v/v). The adsorption pressure was 7.80 ATM (abs). 



Table 1 



Process Variables 


Adsorption Phase 


Regeneration Phase 


Cooling Phase 


Gas Velocity 


110.1 cm/sec 


184.4 cm/sec 


68.0 cm/sec 


Gas Inlet Temp. 


34.4°C 


180.0°C 


34.4°C 


Feed Mole Fraction 
water 


7270 ppm(v/v) 


16875 ppm(v/v) 


27.2 ppm(v/v) 


Feed Mole Fraction 


0.00727 mole/mole 


0.016875 mole/mole 


0.0000272 
mole/mole 


Adsorption Step 
Time 


180 seconds 


158.4 seconds 


21.6 seconds 


Gas Rate 


7259 SCFM 


7259 SCFM 


538 SCFM 



[0051] The product gas rate was approximately 6721 SCFM and the water mole 
fraction in that gas was 27.2 parts per million expressed on a volumetric basis. 

EXAMPLE 2 

[0052] In this example, a comparison is made between the standard adsorbent beds 
used to remove impurities from natural gas with the use of an adsorbent wheel in 
accordance with the present invention. It can be seen that the present invention affords a 
significant reduction in the quantity of adsorbent required; both due to the continuous 
operation of an adsorbent wheel and the feasibility of operating with a single adsorbent 
wheel as compared to the multiple adsorbent beds needed in the present state of the art 
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systems. In a typical three-bed system, over 72,000 kg (150,000 pounds) of adsorbent are 
required for the three beds, while in an adsorbent wheel system to process the same flow 
of natural gas, only about 1500 kg (3400 pounds) of adsorbent are needed. 



Design Basis: H2O from NG/3-Bed Design - Comparative Example: 





Feed 


Regen 


Coolins 


Flow Rate/bed (lb mole/hr): 


21896 


3302 


3302 


Pressure (psia) 


1016 


1016 


1016 


Temperature (°F) 


104 


550 


104 


Step Time (hours) 


12 


2.5 


1.5 


Composition (Mol-%): 








H 2 0 


0.1054 


0.00001 


0.00001 


co 2 


1.51 


1.51 


1.51 


c 2 + 


16.0 


16.0 


16.0 


Cl 


82.384 


82.49 


82.49 


Process Design: 








Bed Diameter (ft) 


10.5 






Bed Height (ft) 


17.1 






Adsorbent Type 


4A 






Adsorbent per Bed ( lbs/bed) 


56,846 






Design Basis: H2O from natural gas/1 Adsorbent Wheel Design 




Feed 


Reeen 


Cooling 


Flow Rate/bed (lb mole/hr): 


21896 


3302 


3302 


Pressure (psia) 


1016 


1016 


1016 


Temperature (°F) 


104 


550 


104 


Step Time (minutes) 


1.5 


0.75 


0.75 


Composition (Mol-%): 








H 2 0 


0.1054 


0.00001 


0.00001 


C0 2 


1.51 


1.51 


1.51 




16.0 


16.0 


16.0 


Cl 


82.384 


82.490 


82.490 


Process Design: 








Wheel Speed (RPH) 


20 






Wheel Diameter (ft) 


14 






Depth (ft) 


1.33 






Adsorbent Type 


4A 






Adsorbent per Bed ( lbs/bed) 


3445 






Adsorbent Density (lbs/ft^) 


17.0 
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EXAMPLE 3 

[0053] In this example, a two-stage high pressure wheel system with no loss of air is 
shown. All impurities (water) are removed by condensation. 
[0054] A dryer for gas that is at moderate to high pressure (ca. 7.8 Atmosphere 
5 absolute) consists of a pair of adsorbent wheels. Hot compressed gas exits the final stage 
of the compressor at a temperature of 150°C. The water content is 23,000 ppm(v) (parts 
water per million parts of wet air by volume) before entering the two-stage high pressure 
wheel system. The flow rate of wet air is 3.162 m 3 /second (6700 SCFM) [Standard Cubic 
Feet per Minute where standard conditions are taken as 10L4 kPa (14.7 psia) and 21°C 
10 (70°F)]. 

[0055] The hot compressed gas regenerates the 1st wheel. This hot wet air is directed 
through the regeneration portion of the first of two wheels. In passing through the 
regeneration sector of the first wheel, the wet air picks up still more water. The exit 
condition of this air is about 29,000 ppm(v) water. This air will have cooled by about 

15 30°C and exits the regeneration portion at about 120°C. 

[0056] The next step is to cool the gas flow to condense impurities, which are 
removed by a phase separator, such as a condenser. The gas exiting the regeneration 
sector of the first wheel can be cooled in several stages. Above the dew point of the 
effluent gas, the heat is useful and can be passed to the regeneration sector of the second 

20 wheel. 

[0057] All of the first regeneration effluent must be cooled to a temperature limited 
by the available cooling water supply. Condensed water exits out the bottom of the phase 
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separator while the vapor phase water exits with the air out the overhead stream from the 
separator. 

[0058] A stream consisting of the cooling gas effluent of the first wheel is mixed with 
either the regeneration effluent or the overhead stream or the knockout. If the cooling gas 
stream is above the saturation level of the overhead stream, then this stream is mixed with 
the regeneration effluent. If the cooling gas effluent of the first wheel is below the 
saturation level of the knockout overhead, then the gas is mixed with the knockout 
overhead. This cooling gas stream has a magnitude of X where X is determined by the 
regeneration and cooling streams required for the second wheel. 
[0059] The flow goes to adsorption sector of 1st wheel counter-current to 
regeneration. The magnitude of the gas stream going to the adsorber section of the first 
wheel is now 6700+X SCFM. This gas stream will be close to a saturated condition at or 
near to the cooling water temperature. In the simulations of this example we take the 
temperature as 33.3°C and the water content as 6400 ppm by volume. A major fraction of 
the water in the gas stream is removed by the adsorber and concentrated on the solid 
portion of the adsorbent wheel. The temperature of the gas rises by about 13°C as it 
transits the adsorption zone of the first wheel. The gas leaves the adsorber at about 180 
ppm(v) at a temperature of 46°C. 

[0060] Then the flow goes to adsorption sector of second wheel. The entire product 
stream from the first adsorption sector is fed to the adsorption zone of the second wheel. 
It will generally be advantageous to cool this gas to a temperature limited by the available 
cooling water. The gas stream is dried further to a level of about <1 ppm(v). The 
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temperature rises very slightly. At this point in the drying process the gross product of the 
second wheel is split into two streams, each having a very dry condition. The majority is 
taken as a net product at a nominal flow rate equal to the compressor feed rate of 6700 
SCFM. 

[0061] The remainder, X SCFM, is then split into two other streams; one portion his 
heated for regeneration of the second wheel and the other is used as a cooling gas for the 
second wheel. Each of these gas streams is passed is a direction that is counter-current 
with respect to the second wheels adsorption direction. 

[0062] Regeneration and cooling parts exiting the second wheel are combined, re- 
pressurized and cooled, and become counter-current cooling for the first wheel, and then 
reintroduced back into main flow either before the cooling to condense the water or into 
the feed to the 1st wheel adsorption zone. 

[0063] For the purposes of this example the feed pressure has been taken as 7.8 
atmospheres absolute. The compressor feed is held constant at 6700 SCFM and each 
regeneration stream is fixed at 150°C. Cooling streams are taken at 33.3°C. The 
magnitude X of the first wheel cooling stream has been varied from 1000 SCFM to 1500 
SCFM. The rotation rate of the first wheel is maintained at 30 revolutions/hour. This 
condition was found to be near the optimum rate for each value of X. 
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[0064] The results of these simulations are given below in Table 2. 



Table 2 



X, SCFM 


Yf 
(ppm(v)) 


Ypl 
(ppm(v)) 


Ycl 
(ppm(v)) 


Yrl 

(ppm(v)) 


Water 
Removal 
(lbmole/hr) 


1000 


6678 


180 


1382 


29118 


0.214 


1250 


6434 


177 


1129 


29032 


0.218 


1500 


6220 


194 


1063 


29421 


0.247 



[0065] A saturated stream exiting the knockout overhead at 33. 3C will have 
6400ppm(v) of water. Therefore at the value of X =1500 SCFM the best place to mix in 

5 the first wheel's cooling stream effluent was at the exit of the knockout. At X = 1250 
SCFM there is little difference while at X=1000 SCFM the best place to put the cooling 
effluent stream is before the cooling and water knockout step. 
[0066] The details of the downstream wheel are omitted as it is relatively easy to 
design a wheel for the low water level being fed to the second wheel. 

10 [0067] Although illustrative embodiments of the present invention have been 

described herein, it is to be understood that the invention is not limited to those precise 
embodiments, but that various changes and modifications can be effected therein by those 
skilled in the art without departing from the scope or spirit of this invention. 
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